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Description 

METHOD AND SYSTEM FOR DETECTION 

OF SOLID MATERIALS IN A PLASMA 
USING AN ELECTROMAGNETIC CIRCUIT 

Background of Invention 

[0001] The present disclosure relates generally to detection of 
solid materials and, more particularly, to a method and 
system for detection of solid materials in semiconductor 
manufacturing apparatuses and processes using an elec- 
tromagnetic circuit, such as a microwave circuit or a radio 
frequency (RF) circuit. 

[0002] Recently, much attention has been focused on developing 
low-k dielectric thin films for use in the next generation 
of microelectronics. As integrated devices become 
smaller, the RC-delay time of signal propagation along in- 
terconnects becomes one of the dominant factors limiting 
overall chip speed. With the advent of copper technology, 
circuit resistance has been pushed to its practical lowest 
limit for current state of the art, so attention must be fo- 



cused on reducing capacitance. One way of accomplishing 
this task is to reduce the average dielectric constant (k) of 
the thin insulating films surrounding interconnects. The 
dielectric constant of traditional silicon dioxide insulative 
materials is about 3.9. Thus, lowering the dielectric con- 
stant below 3.9 will provide a reduced capacitance. 
[0003] Low-k dielectric materials used in advanced integrated 
circuits typically comprise organic polymers or oxides, 
and have dielectric constants less than about 3.5. The 
low-k dielectric materials may be spun onto the substrate 
as a solution or deposited by a chemical vapor deposition 
process. Certain low-k film properties include thickness 
and uniformity, dielectric constant, refractive index, adhe- 
sion, chemical resistance, thermal stability, pore size and 
distribution, coefficient of thermal expansion, glass tran- 
sition temperature, film stress, and copper diffusion coef- 
ficient. 

[0004] | n fabricating integrated circuits on wafers, the wafers are 
generally subjected to many process steps before finished 
integrated circuits can be produced. One such process 
step is what is known as "ashing." Ashing refers to a 
plasma-mediated stripping process by which photoresist 
and post etch residues are stripped, ashed or removed 



from a substrate upon exposure to the plasma. The ash- 
ing process generally occurs after an etching 
(front-end-of-line or back-end-of-line) or implant pro- 
cess (front-end-of-line) has been performed in which a 
photoresist material is used as a mask for etching a pat- 
tern into the underlying substrate, or for selectively im- 
planting ions into the exposed areas of the substrate. Any 
remaining photoresist (as well as any post etch or post 
implant residues on the wafer after the etch process or 
implant process is complete) must be removed prior to 
further processing, for numerous reasons generally known 
to those skilled in the art. The ashing step is typically fol- 
lowed by a wet chemical treatment to remove traces of the 
residue, which can cause further degradation or loss of 
the underlying substrate. In the case of low-k dielectric 
substrates, material degradation, loss of material, and an 
increase in the dielectric constant may also result. 
[0005] ideally, the ashing plasma should not affect the underly- 
ing low-k dielectric layers, and preferably removes only 
the photoresist material. The use of silicon dioxide (SiO 
2 )as a dielectric material has heretofore provided high se- 
lectivity with respect to traditional ashing gas sources. 
Typically, the ashing or burning of organic material, such 



as photoresist on a semiconductor substrate like silicon 
(Si) is implemented through the use of an oxygen or ni- 
trogen-based plasma chemistry. However, low-k dielectric 
materials, especially carbon containing low-k dielectric 
materials, can be sensitive to this type of process step. 
More specifically, the conventional plasma chemistry used 
during ashing can strip both the photoresist materials, as 
well as remove a portion of a low-k dielectric film. 
[0006] one approach that implements an oxygen and nitrogen- 
free photoresist removal chemistry is disclosed in U.S. Ap- 
plication Serial No. 09/855,177, assigned to the assignee 
of the present application, and incorporated herein by ref- 
erence in its entirety. As discussed therein, while the oxy- 
gen and nitrogen-free chemistry is not damaging to the 
low-k material and can successfully remove the photore- 
sist, the actual mechanism of photoresist removal is dif- 
ferent from that of the conventional oxygen or nitrogen 
based ashing chemistry. Conventional ashing is a process 
in which the photoresist is typically completely volatilized 
into OH and CO, which emit light at their characteristic 
wavelengths. As such, an endpoint of the ashing process 
may be detected by simply monitoring the intensity of 
these light emissions until they disappear. 



[0007] | n contrast, the removal mechanism discussed in the '177 
application (e.g., plasma formed from helium and hydro- 
gen) involves a partial sublimation of the photoresist ma- 
terial, which thereafter has a tendency to rapidly re- 
solidify. The net effect is the introduction of solid and 
semi-solid materials into the gas as it gets pumped out. 
However, since there is no light emitted in this type of a 
reaction, end-point detection becomes a difficult task. In 
addition, as a result of the mechanism of removal, the 
plasma exposure tends to deposit large amounts of the 
sublimed photoresist and byproducts within the process- 
ing chamber and in areas downstream from the plasma 
process chamber, such as in the throttle valve and ex- 
haust lines. 

[0008] Accordingly, there exists a need for detecting the pres- 
ence and relative amounts of solid material and semi- 
solid material entrained in a medium, such as sublimed 
photoresist in a helium-hydrogen gas mixture, resulting 
from removal processes suited for low-k applications. 
Summary of Invention 



[0009] The foregoing discussed drawbacks and deficiencies of 
the prior art are overcome or alleviated by a method for 
detection of solid material present within a medium of in- 



terest. In an exemplary embodiment, the method includes 
configuring the medium of interest within an electromag- 
netic circuit, exciting the medium of interest using elec- 
tromagnetic energy, and determining an impedance value 
of the electromagnetic circuit, wherein the impedance 
value corresponds to an amount of solid material within 
the medium of interest. 

[0010] | n another aspect, a method for solid material detection in 
a photoresist removal system includes receiving an ex- 
haust gas downstream with respect to a workpiece from 
which a photoresist material is removed. An electromag- 
netic circuit is configured to include the exhaust gas, the 
exhaust gas is excited with electromagnetic energy, and 
an impedance value of the electromagnetic circuit is de- 
termined, wherein the impedance value corresponds to an 
amount of solid material within the exhaust gas. 

[° 011 ] In still another aspect, a material detection system in- 
cludes a flow path configured to contain a medium of in- 
terest in which solid material is to be detected. An elec- 
tromagnetic energy source is configured for exciting the 
medium of interest, and an impedance measuring device 
is configured for measuring an impedance value of a elec- 
tromagnetic circuit, the electromagnetic circuit including 



the flow path therein, wherein the impedance value corre- 
sponds to an amount of solid material within the medium 
of interest. 

[° 012 ] In still another aspect, a plasma based semiconductor 
material removal system includes an upstream electro- 
magnetic energy source configured to cause excitation of 
an input gas into a plasma so as to produce a reactive 
species. The system further includes a mechanism for 
uniformly conveying the reactive species to a surface of a 
workpiece having photoresist material formed thereupon, 
and a mechanism for heating the workpiece so as to en- 
hance the reaction rate of the photoresist material and the 
reactive species. A downstream electromagnetic energy 
source is configured for exciting an exhaust gas down- 
stream of the workpiece, and an impedance measuring 
device is configured for measuring an impedance value of 
an electromagnetic circuit, the electromagnetic circuit in- 
cluding the exhaust gas therein, wherein the impedance 
value corresponds to an amount of solid material within 
the exhaust gas. 

[0013] | n s ti|| another aspect, a method for implementing mate- 
rial removal from a semiconductor workpiece includes re- 
ceiving exhaust gas containing material removed from the 



workpiece. A first power level is applied to an electromag- 
netic circuit, the electromagnetic circuit containing the 
exhaust gas therein, wherein said first power level is suf- 
ficient to volatize solid material contained within the ex- 
haust gas. A second power level is applied to the mi- 
crowave circuit for a selected duration, and, during the 
selected duration, the electromagnetic circuit is used to 
detect the presence of remaining solid material within the 
exhaust gas. 

[0014] The above described and other features are exemplified 
by the following figures and detailed description. 
Brief Description of Drawings 

[0015] Referring to the exemplary drawings wherein like ele- 
ments are numbered alike in the several Figures: 

[0016] Figure 1 is a graph including a series of comparative plots 
that demonstrate a correlation between emission signal 
intensities determined from conventional, optical end- 
point detection techniques and from microwave circuit re- 
flection coefficient measurements on four separate work- 
pieces; 

[0017] Figure 2 is a magnified view of one of the plots shown in 

the graph of Figure 1; 
[0018] Figure 3 is a plot illustrating a material detection trial us- 



ing an applied microwave power of 200W; 

[0019] Figure 4 is a plot illustrating a material detection trial us- 
ing an applied microwave power of 400W; 

[0020] Figure 5 is a block diagram of a method and system for 
detection of solid material present within a medium of in- 
terest, in accordance with an embodiment of the present 
invention; 

[0021] Figure 6 is a cross-sectional view of an exemplary reso- 
nant microwave cavity structure that may be utilized in 
accordance with an embodiment of the present invention; 

[0022] Figure 7 is a perspective view of the resonant cavity struc- 
ture shown in Figure 6; 

[0023] Figure 8 is a schematic diagram of an exemplary plasma 
based semiconductor removal apparatus illustrating one 
particular application for the solid material detection sys- 
tem and method of Figure 5, in accordance with a further 
embodiment of the invention; and 

[0024] Figure 9 is a flow diagram illustrating a method for imple- 
menting material removal from a semiconductor work- 
piece, in accordance with another embodiment of the 
present invention. 
Detailed Description 



[0025] Disclosed herein is a method and system for quantitative 



detection of small amounts of solid or semi-solid material 
entrained in a medium of interest, such as a gas or 
plasma. Solid or semi-solid "materials" discussed here- 
inafter generally refer to particulate matter and "chunks" 
that may be as small as a few nanometers, but less than 
about 5 mm in size, such as may be entrained in a flowing 
fluid medium. For example, in the case of photoresist ma- 
terial, the solid matter is made of long chains of cross- 
linked organic molecules. Accordingly, one example of a 
suitable application for such a method is in the area of 
semiconductor manufacturing equipment, wherein plasma 
technology is ubiquitous and used for many tasks such as 
etching, ashing and deposition of thin films. 
[0026] one way to generate this plasma is through the use of 
electromagnetic radiation. As described hereinafter, the 
term "electromagnetic" may refer to specific frequency re- 
gions of the electromagnetic spectrum, such as the mi- 
crowave range and the radio frequency (RF) range, for ex- 
ample. Heretofore, the (microwave) plasma has been gen- 
erated upstream with respect to a semiconductor sub- 
strate, in order to initiate controlled reactions thereupon. 
In contrast, the present disclosure utilizes a second, sepa- 
rate downstream-generated microwave plasma to detect 



solid matter that may be entrained in the effluent (i.e., re- 
moval byproducts), resulting from the material removal 
process. 

[0027] since both the gas and solid material are part of an elec- 
tromagnetic (e.g., microwave) circuit, a quantitative re- 
sponse in the circuit impedance corresponding to the 
amount of solid material present in the gas may be ob- 
tained. As used hereinafter, the term "impedance" refers 
to, or may be described, measured or otherwise obtained 
in terms of resistance/reactance in one coordinate sys- 
tem. Alternatively, "impedance" may also refer to or be 
described/measured/obtained in terms of phase/ 
magnitude (i.e., the reflection coefficient) in another coor- 
dinate system. As is also discussed in further detail here- 
inafter, the time-resolved reflection coefficient of the mi- 
crowave circuit demonstrates excellent correlation with 
the time-resolved intensities of optical emissions from the 
solid material (also caused by the microwave excitation), 
thereby establishing a desirable alternative to optical end- 
point detection approaches. One such alternative endpoint 
detection approach is described in U.S. Application Serial 
No. 10/249,964, assigned to the assignee of the present 
application, the contents of which are incorporated herein 



in their entirety. Although the embodiments described 
hereinafter are discussed in terms of plasma excited at a 
microwave frequency range of the electromagnetic spec- 
trum, it should again be understood that the impedance/ 
reflection coefficient detection principles presented herein 
are equally applicable to other regions of the EM spec- 
trum, such as radio frequency (RF) based systems, for ex- 
ample. 

[0028] Referring initially to Figure 1, there is shown a series of 
comparative plots that demonstrate a correlation between 
emission signal intensities determined from optical end- 
point detection techniques plotted on the left y-axis, and 
normalized reflection coefficient phase and magnitude 
values (plotted on the right y-axis) determined at a se- 
lected point within a microwave circuit established by the 
application of downstream plasma. More specifically, Fig- 
ure 1 includes a comparison of five curves, including a 
normalized quantity of optically detected CO species and 
CN species (photoresist removal byproducts), a quantity of 
detected hydrogen species at a wavelength of 434 
nanometers, the measured magnitude of microwave cir- 
cuit reflection coefficient, and the measured phase of the 
reflection coefficient. 



[0029] The first two plots (designated as "dummy 1 and dummy 
2" in Figure 1) reflect results obtained during two "dummy 
trials" wherein upstream plasma excitation and subse- 
quent downstream excitation were carried out without any 
photoresist material actually present on the subject semi- 
conductor wafer. Accordingly, as can be seen in Figure 1, 
there is no substantial change in emission signal intensi- 
ties from baseline levels for the CO and CN products that 
would otherwise occur in an actual resist removal process. 
However, as shown for the subsequent two trials 
(designated "coated wafer 1" and "coated wafer 2" in Fig- 
ure 1), the magnitude of the signal intensity of the opti- 
cally detected photoresist species demonstrates an up- 
ward trend as the amount of solid material (photoresist in 
this example) decreases, as is the case with the signal re- 
sulting from the hydrogen radical at a wavelength of 434 
nm. The phase signal portion of the reflection coefficient 
measurement also shows a simultaneous downward trend, 
like the CO and CN emission signal intensities. A magni- 
fied view of the "coated wafer 1" trial is shown in Figure 2. 

[0030] The plots designated "coated wafer 1" and "coated wafer 
2" in Figure 1 were obtained using a microwave power of 
300W, which resulted in a coating of PR on the walls of 



the tube downstream. The average thickness of this coat- 
ing was about 3500 angstroms (A), corresponding to an 
average solid matter destruction efficiency (by the down- 
stream plasma) of about 85%. In comparison, the destruc- 
tion efficiency at an applied power of 600W was about 
96%, and thus no distinct dynamic changes in either the 
phase or the magnitude of the microwave reflection coef- 
ficient were detected as a function of time. Because the 
solid material tends to deposit on the walls of the tubing 
downstream of the semiconductor substrate, the determi- 
nation that the solid matter is in fact detected by the mi- 
crowave circuit (at 300 W) was verified. In instances where 
"excessive" microwave power (e.g., 600 W) is used to ig- 
nite the gas, the solid material is mostly volatilized, and 
thus no distinct change in signal is detected when phase 
or magnitude are measured. Correspondingly, there were 
also no significant deposits formed on the tube walls. Ac- 
cordingly, there is effectively an upper limit to the input 
microwave power that can be applied for this type of ma- 
terial detection methodology, unless the material is (either 
intrinsically or due to the medium used) more resistant to 
disintegration or volatilization by the plasma. 
[0031] By wav 0 f further example, Figure 3 is a plot illustrating a 



material detection trial using an applied microwave power 
of 200W. Although a decrease in both magnitude and 
phase as a function of time is generally observed in the 
microwave circuit, there is a weak correlation of the phase 
signal to the corresponding CO and CN optical signals, 
and thus to the amount of solid material in the gas. On 
the other hand, using an increased applied microwave 
power of 400W, there is also demonstrated a weaker cor- 
relation of phase and magnitude signals to the optical 
signals, as shown in Figure 4. In this example, there is 
less solid material to detect since the increased power 
contributes to volatilizing more of the solid material. The 
power level necessary for the best signal-to-noise in solid 
material detection can be optimized as needed. 
[0032] Referring now to Figure 5, there is illustrated a block dia- 
gram 100 of a method and system for detection of solid 
material present within a medium of interest (e.g., an ex- 
haust gas containing photoresist particulate residue), in 
accordance with an embodiment of the present invention. 
Specifically, a microwave power source 102 provides an 
excitation power source for the medium of interest, and is 
coupled through a waveguide 104 to a resonant mi- 
crowave cavity 106. The cavity 106 is further configured 



so as to receive the medium of interest (e.g., photoresist 
ashing exhaust gas) therethrough. Thus, the block dia- 
gram of Figure 1 also shows an input side 108 of the 
medium of interest and an output side 110 of the medium 
of interest in relationship to the resonant cavity 106. In- 
side the cavity 106, the medium of interest is excited into 
a plasma state by the input microwave energy. 
[0033] At a selected location on the delivery waveguide 104, an 
appropriate impedance/reflection coefficient measuring 
device 112 is used to detect, over a given time interval, 
any change in impedance/reflection coefficient of the mi- 
crowave circuit thus defined. This in turn provides an in- 
dication of the amount of solid particulate material con- 
tained within the medium of interest. A suitable 
impedance-measuring device includes a plurality (e.g., 3 
or 4) electric field sampling probes mounted on the cen- 
terline of the broadwall of the waveguide 104, and axially 

spaced at X /6 or X /8 intervals, respectively. These elec- 

g g 

trie field samples are then converted to signals that are 
mathematically transformed into either a reflection coeffi- 
cient (G magnitude and phase) or an impedance value (Z = 
R +/- jX). This measurement technique is well known to 
those skilled in the art. 



[0034] Figure 6 is a cross-sectional view of an exemplary reso- 
nant microwave cavity structure 200 that may be utilized 
as part of a microwave circuit in accordance with an em- 
bodiment of the present invention. As is shown, the cavity 
structure 200 includes a housing 202 in which the reso- 
nant cavity 106 is disposed. A plasma transfer tube 204 is 
positioned inside the cavity 106 for transporting the 
medium of interest (e.g., upstream exhaust gas) 
therethrough. The feed waveguide 104 is coupled to the 
cavity 106 through the broadwall of the waveguide 104 by 
means of a slot antenna 206, in order to provide an easily 
accessible axis for initial setup tuning where desired. In 
addition, an electrically conductive screen 208 allows ef- 
fluent flow through the resonant cavity 106 while also 
providing an electromagnetic boundary. In an exemplary 
embodiment, the microwave cavity 106 utilizes the TE 

1 112 

mode. It should be appreciated, however, that other ap- 
plications might employ different tube sizes with other 
propagation modes for the purpose of solid material de- 
tection. 

[0035] Figure 7 is a perspective view of the resonant cavity struc- 
ture 200 shown in Figure 6, more particularly illustrating 
the relationship between the feed waveguide 104 and the 



cavity structure 200. A magnetron (not shown in Figure 7) 
is used as the microwave power source 102 in the present 
application. A cooling fan 210 may also be utilized in 
cooling both the magnetron and plasma transfer tube 
204. 

[0036] Figure 8 is a schematic diagram of an exemplary plasma 
based semiconductor removal apparatus 300 illustrating 
one particularly suitable application for the solid material 
detection system and method of Figure 5, in accordance 
with a further embodiment of the invention. Plasma appa- 
ratus 300 generally includes a gas delivery component 
302, a plasma generating component 304, a processing 
chamber 306, and an exhaust tube 308 that, in the exem- 
plary application, provides a path for the medium of inter- 
est component (e.g., photoresist-containing exhaust gas 
downstream from a workpiece) that is inputted to a reso- 
nant microwave cavity structure described in Figures 5 
and 6. 

[0037] The gas delivery component 302 may include a gas puri- 
fier 310 in fluid communication with a gas source 312 and 
a gas inlet 314 of the plasma generating component 304. 
An additional gas source (not shown) may also be in fluid 
communication with the gas inlet 314 for providing in situ 



cleaning capability. The microwave plasma generating 
component 304 includes a microwave enclosure 316, 
which is generally a partitioned, rectangular box having a 
plasma tube 318 passing therethrough. As is known in the 
art, the microwave plasma generating component 304 is 
configured to cause excitation of the input gas into a 
plasma so as to produce a reactive species. In addition to 
microwave energy, the plasma generating component 304 
could also be operated with an RF energy excitation 
source. 

[0038] once excited, the reactive gas species is introduced into 
an interior region of the processing chamber 306 for uni- 
formly conveying the reactive species to the surface of a 
workpiece 320, such as a resist-coated semiconductor 
wafer. In this regard, one or more baffle plates 322, 324 
are included within the processing chamber 306. Al- 
though the specific manner of operation of the baffle 
plates is not described in further detail hereinafter, addi- 
tional information on such operation may be found in Se- 
rial No. 10/249,964, referenced above. In order to en- 
hance the reaction rate of the photoresist and/or post 
etch residue with the reactive species produced by the 
upstream plasma, the workpiece 320 may be heated by an 



array of heating elements (e.g., tungsten halogen lamps, 
not shown in the figures). A bottom plate 328 (transparent 
to infrared radiation) is disposed between the processing 
chamber 306 and the heating elements 326. An inlet 330 
of the exhaust tube 308 is in fluid communication with an 
opening in the bottom plate for receiving exhaust gas into 
the exhaust tube 308. 
[0039] As further illustrated in Figure 8, all of the exhaust gas 
from the workpiece goes through exhaust tube 308 into 
the plasma generating component of the solid material 
detection system 100 (in particular through the plasma 
transfer tube included within resonator cavity 106), en 
route to a vacuum pump (not shown in Figure 8). Option- 
ally, an oxidizing gas source 332 and inlet 334 may be 
provided to enhance the destruction efficiency of the solid 
matter. 

[0040] Again, it should be understood that within the exemplary 
application (photoresist ashing) discussed, the plasma 
ashing apparatus 300 represents an example of one such 
device that could be used in conjunction with the material 
detection system/methodology disclosed herein, and that 
other types of apparatus are also contemplated. 

[0041] It will be appreciated that the correlation between the 



impedance/reflection coefficient measured in the mi- 
crowave circuit and the amount of photoresist that is not 
volatilized may also be used in a dynamic type of endpoint 
detection. That is, the measurement of microwave 
impedance/reflection coefficient can be a method of sig- 
naling when the components upstream of the microwave 
circuit in the vacuum line are devoid of resist. Thus, to ef- 
fectively volatilize the photoresist material while still 
checking for presence of solid resist material traveling 
through the conduit in the present embodiment, the ap- 
plied microwave power could be periodically reduced for 
very short periods of time (e.g., 100 ms) representing "de- 
tection" periods of a duty cycle. As such, during "high 
power" periods of the duty cycle, the photoresist would be 
effectively volatilized, while during brief "low power" peri- 
ods, the quantity of remaining photoresist material could 
be detected. The cycle is then repeated by alternating be- 
tween high and low power levels, until it is finally deter- 
mined that the photoresist is completely cleared from the 
substrate upstream. 
[0042] Accordingly, Figure 9 is a flow diagram illustrating a 

method 400 for implementing material removal from a 
semiconductor workpiece, in accordance with another 



embodiment of the present invention. As shown in the di- 
agram, method 400 begins at block 402 by receiving the 
exhaust gas containing photoresist into a microwave cir- 
cuit. Then, as shown in block 404, a relatively high power 
level (e.g., 600 W) is applied to the microwave circuit in 
order to volatize any photoresist particulate matter con- 
tained in the upstream exhaust gas. After a predeter- 
mined time at high power, the power level is reduced for a 
limited duration (e.g., to 300 W for 100 ms), as shown at 
block 406. This allows for a sensing operation, as dis- 
cussed above, to see whether solid materials remain in the 
exhaust. Thus, at decision block 408, if solid materials are 
still present as detected by the impedance/reflection co- 
efficient measuring technique, then the process is re- 
peated at high power. If no materials are detected, then 
the endpoint is reached. 
[0043] it W i|| also be appreciated that the above described 

impedance/reflection coefficient based material detection 
techniques may have applicability in other areas such as, 
for example, detection of solid materials in the exhausts 
of solid waste destruction systems (e.g., incinerators), de- 
tection of particulates in the exhaust/ventilation systems 
of industrial facilities (e.g., paper industry, coal-based 



power generation plants, etc.), detection of bulk contami- 
nates for gas delivery systems, detection of particulates in 
the atmosphere by means of a balloon or other transport 
mechanism, as well as for detection of particulates in 
etching/CVD chambers in the semiconductor manufactur- 
ing industry. 

[0044] while the disclosure has been described with reference to 
a preferred embodiment or embodiments, it will be un- 
derstood by those skilled in the art that various changes 
may be made and equivalents may be substituted for ele- 
ments thereof without departing from the scope of the in- 
vention. In addition, many modifications may be made to 
adapt a particular situation or material to the teachings of 
the invention without departing from the essential scope 
thereof. Therefore, it is intended that the invention not be 
limited to the particular embodiment disclosed as the best 
mode contemplated for carrying out this invention, but 
that the invention will include all embodiments falling 
within the scope of the appended claims. 



